Abstract. In this study, the CoFe 2 O 4 -PANI/PET fabric with microwave absorption and electrical properties was successfully prepared by a facile method. Firstly, the PANI in emeraldine base form was prepared by chemical oxidative polymerization. Secondly, the CoFe 2 O 4 nanoparticles and PANI solution were uniformly dispersed in epoxy resin and coated on the PET fabric. Finally, the conductive properties of the coating surface were obtained by doping. The resultant fabric was investigated by FTIR, SEM and TGA to check its chemical structure, surface morphology and thermal stability. The results of this fabric demonstrated efficient microwave absorption performance and broad absorption bandwidth, which indicating its potential application in microwave adsorption fields.
Introduction
The electromagnetic (EM) wave pollution deriving from the rapid development of wireless communication devices, such as the local area network system and radar system, has become an unavoidable problem and even influenced health of human and the normal operation of electronic equipment [1] [2] [3] . Therefore, in order to protect the body from harm of these EM wave, the design and exploration of EM wave absorption fabric have attracted a great deal of interest which desired to effectively attenuate EM energy by dissipating them through interference and converting them into thermal energy [4] [5] [6] . As a result, several kinds of EM wave absorption fabrics have already been prepared by coating magnetic materials [7] as well as intrinsically conducting polymers (ICP) such as polypyrrole (PPY) [8] and polyaniline (PANI) [9] . However, there are still certain unsolved problems in these EM wave absorption fabrics, for instance, high fill density of magnetic materials [7] , weak absorption capacity and narrow band adsorption for ICP materials [8, 9] . Therefore, it is necessary to develop a novel EM wave absorption fabric which could overcome these problems.
PANI, distinct from other ICP materials and has favorable absorption loss and lower density which are considerable as ideal material for using in EM wave absorption fabrics [6] . While Co Ferrite (CoFe 2 O 4 ) is one of the excellent magnetic materials and has shown unparalleled potential possibilities for application due to it is controllable to meet the requirements for application in EM wave absorption fields [10] . Although the EM wave absorbing properties of CoFe 2 O 4 particles and PANI have been extensively investigated [11] [12] [13] , nevertheless, the EM wave absorption and electrical properties of CoFe 2 O 4 particles combined with conductive PANI coated fabric was seldom reported. So we propose here CoFe 2 O 4 nanoparticles to combine with PANI and then coat on fabric. In addition, epoxy resin has been applied as electromagnetic absorbing matrix owing to its prominent mechanical and thermal stability [14] , thus, a coating agent with EM wave absorption and electrical properties can be formed by dispersing CoFe 2 O 4 nanoparticles and PANI into the epoxy resin.
In this study, polyester (PET) fabric was selected as the host substrate and the CoFe 2 O 4 -PANI/PET composite fabric with EM wave absorption and electrical properties was successfully prepared by a facile method. The resultant fabric was investigated by FTIR, SEM and TGA to check the chemical structure, surface morphology and thermal stability. The electrical conductivity, tensile properties, EM wave absorption performance and absorption mechanism were also discussed in details.
Experimental

Materials
The PET fabric was provided by Hangzhou Tianyu Printing & Dyeing Co., Ltd. CoFe 2 O 4 (30-60 nm) was obtained from Nanjing Emperor Nano Material Co., Ltd. Aniline (AN) monomer, p-toluene sulfonic acid (PTSA), ammonium persulfate (APS), ammonia, N-methyl-2-pyrrolidone (NMP) and epoxy 44 (bisphenol A epoxy) were purchased from Shanghai Chemical Reagent Co., Ltd, China. All chemicals were of analytic purity grade without further purification.
Synthesis of PANI in emeraldine base form
The PANI power was synthesized by chemical oxidation polymerization. Briefly, the AN monomer (0.02 mol), PTSA (0.02 mol) and APS solution (0.01 mol) were successively added into 125 ml deionized water in an ice-water bath for two-hour mechanical stirring. Then the product was filtered and washed with deionized water to remove PTSA, and then the precipitate was added into aqueous ammonia (0.1 mol/L) at room temperature for three-hour mechanical stirring. Finally, the blue PANI powder in emeraldine base form was received after filtering and drying at 40°C for 24 h.
Preparation of CoFe 2 O 4 -PANI/PET fabric
Firstly, the finishing agent was obtained by adding 3 g CoFe 2 O 4 nanoparticles, 2 ml PANI solution (PANI power was dissolved in NMP with 1, 2, 3, 4 and 5 wt% concentration) and 1.7 g AN monomer into 5.3 g epoxy resin and then mechanical stirring 2 h at room temperature. Secondly, the non-conductive composite fabric was prepared by knife coating the finishing agent on PET fabric with a thickness bout 0.5 mm and cured at 60°C for 4 h. Then the final product was obtained by dipping the composite fabric into 0.5 mol/L PTSA solution at 40°C water bath for 3 h and drying at room temperature. The CoFe 2 O 4 /PET fabric was also prepared following the aforementioned procedures without PANI for comparison.
Characterization
The conductivity of CoFe 2 O 4 -PANI/PET fabric was measured by the surface resistance tester (MCP-T370, Loresta, Japan). The chemical structure was analyzed by Fourier transform infrared analysis (FTIR, Nicolet 6700, USA) in the range of 500-4000 cm -1 . The The surface morphologies of resultant fabric were observed by emission scanning electron microscopy (SEM, TM-1000, Hitachi). The thermal stability was studied by thermogravimetric analysis (TGA, Netzsch, Germany) at flowing nitrogen atmosphere with a heating rate of 20°C/min, from 50 to 900°C. The tensile properties were tested using the Materials Testing Machine H5K-S (Tinius Olsen, USA) according to Chinese standard GB 9997-88. The relatively complex permittivity (ε r = ε′ − jε″) and complex permeability (µ r = µ′ −jµ″) were measured on a vector network analyzer (Anritsu, 37269D, USA) by the wave guide method in the frequency range of 8.2-12.4 GHz. The reflection loss (RL) coefficients were calculated by according to transmission line theory. Fig. 1(a) showed the PANI concentration dependence of the surface resistance for CoFe 2 O 4 -PANI/PET fabric. It was seen that the minimum surface resistance of resultant fabric was about 73.3 KΩ/sq when the PANI concentration was 3 wt%, indicating the optimal PANI concentration in this experiment. Thus, 3 wt% PANI concentration was applied in the following discussion. In order to analyze the chemical structure of CoFe 2 O 4 -PANI/PET fabric, FTIR was conducted and shown in Fig. 1(b) . The weak absorption peaks at 1568 cm -1 and 1482 cm -1 were ascribed to the C−C stretching of the quinonoid (Q) and benzenoid (N) rings of PANI, respectively. The intensity of these two peaks demonstrated the information on the degree of oxidation of the emeraldine form [6] . In addition, the N-Q-N stretching vibration appeared at 1127 cm -1 was the characteristic peak of PANI salt, indicating its existence as conductive form. The surface morphologies of CoFe 2 O 4 -PANI/PET fabric were depicted in Fig. 2 . It is clearly visible that a film of epoxy resin was coated on the surface of PET fabric in Fig. 2(a) . At higher magnifications, the smooth surface of coated fabric, Fig. 2(b) , demonstrated that CoFe 2 O 4 nanoparticles and PANI have been evenly dispersed in the epoxy resin, suggesting no "dead area" for microwave absorption. 3 showed the thermal decomposition curves of PET fabric, cured PANI/epoxy resin and CoFe 2 O 4 -PANI/PET fabric. For the untreated PET fabric, one degradation step was observed in the measured range of temperature and the decomposition process (400-480°C) was attributed to the decomposition of PET chains. In curves (b, c), the degradation step (330-480°C) was mainly from the decomposition of epoxy resin and PET chains, however, the decomposition of PANI chains was not obvious. This result could be explained that the smaller amount PANI was filled into the resin. The final residual components of PET fabric, cured PANI/epoxy resin and CoFe 2 O 4 -PANI/PET fabric were 11.2%, 4.1% and 22.1% respectively, demonstrating that CoFe 2 O 4 -PANI/PET fabric contained about 15.1 wt% CoFe 2 O 4 nanoparticles. In addition, the result of TGA illustrated that coating process showed slightly negative effect on the thermal stability of PET fabric, however, still in the acceptable range for daily use. The tensile properties test was carried out to evaluate the strength loss of PET fabric after coating process owing to the fact that the PET fabric might be damaged in high temperature curing process. Each sample was measured ten times. The results were displayed as the averages obtained and shown in Table 1 . After coating process, the acceptable strength retention of PET fabric in warp direction and weft direction were 92.5% and 88.3%, relatively. So this coating process basically retained the original tensile properties of PET fabric which provided the potential possibilities for application. The EM energy can be attenuated by material itself when the EM wave is incident on the surface of material. In order to study the integral microwave attenuation performance, the RL coefficients of the CoFe 2 O 4 /PET fabric and CoFe 2 O 4 -PANI/PET fabric were calculated according to the measured complex permittivity and permeability by the waveguide method. As demonstrated in Fig. 4(a, b) , 3D contour maps of the RL with the correlation of thickness and frequency were represented. The RL of -10 dB is equivalent to 90% EM wave absorption and the frequency range where RL below -10 dB is considered as the effective absorption bandwidth [15] . In Fig. 4(a) , it could be noticed that the CoFe 2 O 4 /PET fabric showed poor microwave absorption properties in the measured range and the minimum RL value was only -5.6 dB at 10.3 GHz. For CoFe 2 O 4 -PANI/PET fabric in Fig. 4(b) , the minimum RL reached -18.1 dB (>90% absorption) at 11.5 GHz and the effective absorption bandwidth exceeding -10 dB was 2.8 GHz (9.6-12.4 GHz) with the matching thickness of 3 mm. Compared with Ref [7] [8] [9] , the CoFe 2 O 4 -PANI/PET fabric prepared by this method had lower fill density for magnetic materials and stronger adsorption capacity which suggessting its potential application in microwave adsorption fields.
Results and discussion
In order to investigate the attenuation mechanism of CoFe 2 O 4 -PANI/PET fabric, the complex permittivity, complex permeability, dielectric and magnetic loss tangent (tan δ E = ε″/ε′, tan δ M =µ″/µ′) of CoFe 2 O 4 /PET and CoFe 2 O 4 -PANI/PET fabric were measured and shown in Fig. 5 . It is obvious that ε′, ε″ and tan δ E of CoFe 2 O 4 -PANI/PET fabric were higher than those of CoFe 2 O 4 /PET fabric, revealing that PANI could improve dielectric loss properties, that is better electrical energy storage and loss capability as shown in Fig. 5(a, b) . The µ′ value remained closely to 1 and µ″ value remained closely to 0 at the investigated frequency range, especially, the negative µ″ values demonstrated that the magnetic energy was mainly radiated out from the composite fabric as shown in Fig. 5(c, d) . The tan δ M values of these samples had a similar fluctuation phenomenon with the µ″ values and the values increased gradually in the bandwidth of 9.5-11.7 GHz, suggesting good EM wave attenuation performance made by this method. 
Conclusions
In this study, CoFe 2 O 4 -PANI/PET fabric with electromagnetic wave absorption and electrical properties was successfully prepared by a facile method. FTIR indicated the conductive form of PANI existed in this composite fabric. From SEM images, we could observe that a film of epoxy resin was coated on the surface of PET fabric with CoFe 2 O 4 nanoparticles and PANI had been evenly dispersed in it. TGA curves demonstrated that CoFe 2 O 4 -PANI/PET fabric contained about 15.1 wt% CoFe 2 O 4 nanoparticles and the coating process showed slightly negative effect on the thermal stability. The minimum RL reached -18.1 dB(>90% absorption) at 11.5 GHz and the effective absorption bandwidth exceeding -10 dB was 2.8 GHz (9.6-12.4 GHz) with a matching thickness about 3 mm. The above results indicated that the CoFe 2 O 4 -PANI/PET fabric possessed good microwave attenuation performance.
